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Introduction
Skeletal muscle contains myofibers that differ greatly in their oxidative capacity. Prolonged electrical stimulation or exercise training can lead to a conversion of type II (fast-twitch) muscle fibers to type I (slow-twitch) fibers (1). This conversion is characterized by dramatic changes in the expression of a large number of genes that increase mitochondrial biogenesis, oxidative capacity and amounts of a distinct set of contractile proteins characteristic of this fiber-type (2). Several key factors in this signaling cascade have recently been identified. Exercise training is accompanied by an increase in motor nerve activity that subsequently elevates intracellular calcium levels in the muscle (3, 4) . Calcium and the calcium-binding protein calmodulin activate both the calcium/calmodulin-dependent protein kinase IV (CaMKIV) and the protein phosphatase calcineurin A (CnA), as well as many other factors (2). Activated CaMKIV catalyzes protein phosphorylation events that result in release of the myocyte enhancer factor 2 (MEF2) from an inhibitory complex including the histone deacetylases HDAC1/2 and HDAC4/5, the repressor Cabin-1 and the adaptor mSin3 (5). Upon phosphorylation by CaMKIV, these factors are exported from the nucleus; as a consequence, the MEF2s become transcriptionally active and bind coactivator proteins including CBP/p300 or the peroxisome proliferator-activated receptor  coactivator 1 (PGC-1) (6, 7).
In another arm of the calcium signaling pathway, activated CnA dephosphorylates members of the nuclear factor of activated T-cells (NFAT) family, thereby stimulating a cytoplasmic-nuclear translocation of these proteins (3). Activated CnA provides a further boost to this process by dephosphorylating MEF and enhancing its transcriptional activity (8). The combined actions of MEF2s and NFATs in the nucleus increase the transcription of prototypical type I muscle fiber genes, and thus promotes fiber-type switching from type II to type I muscle (9). Important experimental evidence for this general model has come from transgenic mice that express either active CnA or CaMKIV (10, 11) . In these mice, the relative amount of type I muscle fibers was greatly increased in comparison to wild-type animals.
PGC-1 was originally cloned as a regulator of several aspects of adaptive thermogenesis in brown adipose tissue (12) and has subsequently been found to coactivate a variety of nuclear receptors and other transcription factors (13). PGC-1 was also shown to induce mitochondrial biogenesis and greatly increase respiration when expressed in cultured fat, skeletal or cardiac muscle cells (14, 15).
We have recently discovered that transgenic expression of PGC-1 driven by a muscle-specific promoter results in a dramatic increase of type I muscle fibers (16). The PGC-1 expressing mice showed increased expression of myofibrillar proteins characteristic of type I fibers, a higher expression of components of the mitochondrial electron transport system and greater resistance to fatigue than wild-type mice. MEF2 proteins, especially MEF2C and MEF2D, appear to be important targets of PGC-1 in the coactivation of several type I-selective promoters. Intriguingly, several recent studies show that exercise and physical activity, as well as increased calcium concentrations, elevate PGC-1 levels (17-20), though it is not clear how this regulation occurs.
In this report, the control of PGC-1 expression by CaMKIV and CnA in muscle cells is investigated. We show that the PGC-1 promoter is subject to positive regulation by these key calcium signaling factors. In addition, PGC-1 is demonstrated to regulate its own promoter through interactions with components of the calcium signaling pathway, resulting in an autoregulatory loop that can potentially provide a certain stability to the expression of genes characteristic of type I muscle fibers.
reporter genes was normalized to -galactosidase levels driven by a cotransfected pSV--galactosidase expression vector (Promega, Madison, WI) . Finally, these relative expressions were normalized versus empty pGL3basic reporter gene vector expression.
Electromobility-shift assays. The sequences of the MEF2 oligonucleotide probe were derived from the mouse PGC-1 promoter and consisted of the MEF2-site and the mutated MEF2-site flanked by 20 basepairs on each side. Radiolabeling, incubation with proteins and gel electrophoresis were performed as described (22) . PGC-1 protein at concentrations of 0.8, 2, 4 and 6 g was added as a bacterially-expressed GST-PGC-1 fusion protein encoding for amino acids 1-180 or 31-797 of PGC-1, respectively. Antibodies against MEF2 and HNF3 (used as a nonspecific antibody) were from Santa Cruz Biotechnology, Santa Cruz, CA.
Analysis of PGC-1 gene expression in wild-type and transgenic PGC-1 mice. Wild-type and transgenic mice from strain 31 (see ref. (16)) that express PGC-1 in muscle were sacrificed and plantaris muscle was collected. Total RNA was isolated and subsequently reverse transcribed.
Primers for the ABI Prism 7700 sequence detector (Applied Biosystems, Foster City, CA) were designed for the respective target genes. Transcript levels were determined from at least three wildtype and transgenic mice and subsequently normalized to 18S rRNA levels.
Adenoviral generation and infections. Adenoviral constructs containing GFP, PGC-1, MEF2C
and dominant-negative dnMEF2C were generated using the Ad-Easy system as published (23).
C2C12 cells were infected with adenovirus; one day post infection, medium was changed to differentiation medium and cells were harvested after 5 days. Total RNA was isolated and gene expression levels were determined with real-time PCR.
Results
Because of the potential connections between PGC-1 gene expression and components of the calcium signaling system, we first analyzed the PGC-1 promoter in terms of responsiveness to CaMKIV and CnA. Promoter fragments that contain either 2 kb or 6 kb of 5'-flanking region of mouse PGC-1 are both activated at least 3 fold by the expression of constitutively active CaMKIV (Fig. 1A) . In contrast, expression of a constitutively active CnA has very little effect on reporter gene activity, consistent with the results obtained previously for PGC-1 mRNA expression in CaMKIV and CnA transgenic mice (11). However, the combination of CaMKIV and CnA has a powerful effect on the PGC-1 promoter, increasing transcription by about 7 fold (Fig. 1A) .
CaMKIV has been shown to phosphorylate and activate many proteins, including CREB. Since CREB has been shown to be an important activator of PGC-1 gene expression in the fasted liver (24), we utilized the dominant-negative ACREB protein to examine a potential role for CREB in the CaMKIV-mediated control of the PGC-1 promoter. While ACREB alone had no effect on the PGC-1 promoter, this protein severely reduced the activation of the PGC-1 promoter by CaMKIV alone or CaMKIV in combination with CnA (Fig. 1A) .
The human PGC-1 promoter contains a CRE between -133/-116 that is crucial for PGC-1 induction by cAMP in the liver (24). Similarly, a very conserved putative CRE can be identified in the mouse PGC-1 promoter at approximately the same distance (between -146/-129) from the transcriptional start site (Fig. 1B) . The functional role of this CRE was tested using a mutated promoter (Fig. 1B) , followed by a 10 hour stimulation of cells with the cAMP-stimulating agent forskolin. As shown in Fig. 1C , mutagenesis of the CRE site abolished induction of the mouse PGC-1 promoter by forskolin, as expected. Importantly, expression of the CRE PGC-1 promoter also showed a dramatically impaired response to CaMKIV alone or the combination of CaMKIV and CnA (Fig. 1C) , indicating a key role for CREB in the induction of PGC-1 expression by these mediators of calcium signaling.
While CREB thus appears to be an important factor in the induction of PGC-1, the increased effect of CaMKIV in combination with CnA suggests that factors in addition to CREB are likely to be involved in the transcription of the PGC-1 gene in muscle. Since MEF2 and NFAT transcription factors are known targets of CaMKIV and CnA in muscle fiber-type determination, we tested the role of these factors in the control of the PGC-1 promoter. MEF2C, MEF2D or NFATc3 alone did not have a significant effect on the function of the 2 kb PGC-1 promoter ( Fig. 2A) . However, since MEF2 proteins are known to be coactivated by PGC-1 (7), we also tested these factors in cotransfection experiments As shown in Fig. 2A , a coactivation by PGC-1 of both MEF2C and MEF2D, but not NFAT, was observed on the PGC-1 promoter. These data suggest that PGC-1 might participate in the activation of its own promoter, and that the MEF2 proteins may function both in the regulation of PGC-1 expression and as downstream targets of PGC-1 coactivation of other muscle-selective genes.
The transcriptional activities of both MEF2 and NFAT are known to be increased by CaMKIV-and CnA-mediated changes in phosphorylation status (3, 6). As shown in Fig. 2B , CnA is able to substantially increase the activity of MEF2C and MEF2D on the PGC-1 promoter. The strongest effect was observed when MEF2C or MEF2D were expressed with both CnA and PGC-1 (Fig.   2B ). No effect was found by the coexpression of any of these proteins with NFAT. In contrast to the data for CnA, the effect of CaMKIV on this promoter was not changed by the addition of MEF2s or PGC-1 (data not shown). Together, these data strongly suggest that the major effect of CaMKIV on PGC-1 expression is via CREB acting on the PGC-1 promoter, while CnA is able to further increase the activity of MEF2s to stimulate transcription driven by the PGC-1 promoter.
Computer-aided sequence analysis of the mouse PGC-1 5'-flanking region revealed a potential MEF2 binding site between -1464/-1447 (Fig. 3A) and a possible NFAT binding site between -1547/-1536 (25). Similar configurations of adjacent MEF2 and NFAT binding sites have previously been described in several muscle fiber-type I specific promoters (9). We next examined whether mutations of this MEF2 site affects MEF2 activity on the PGC-1 promoter. The mutated 2 kb promoter (called MEF2, see Fig. 3A ) is no longer able to mediate MEF2C or MEF2D induction alone, when activated by CnA or coactivated by PGC-1, suggesting that this site is responsible for the MEF2 action (Fig. 3B) . Moreover, electromobility-shift assays revealed binding of MEF2C to this MEF-binding site, but not the mutated MEF site in the PGC-1 promoter (Fig. 3C ). The identity of the MEF2C-DNA complex was confirmed using an anti-MEF2 antibody that leads to a supershift of the DNA-protein complex.
To confirm that the coactivation of MEF2C by PGC-1 observed in reporter gene assays (Fig. 3B) was linked to direct binding of these two proteins, we tested whether PGC-1 directly interacts with MEF2C on this MEF-binding site. Increasing amounts of PGC-1 protein (amino acids decreased the mobility of the complex containing MEF2C bound to the MEF-binding site, as visualized by a supershift in electromobility-shift assays (Fig. 3D) . As a control, PGC-1 protein that lacks the MEF2C-interaction domain (amino acids 1-180, see ref. (7)) was not able to bind to MEF2C. Inclusion of a MEF2-specific antibody was able to further supershift the protein-DNA complex containing MEF2C, PGC-1 and the MEF2-binding site (Fig. 3E) . Neither a shift nor a supershift could be obtained when using the mutated MEF site. These results indicate that MEF2s bind to the PGC-1 promoter and that PGC-1 coactivates MEF2 proteins on the PGC-1 promoter by a direct protein-protein interaction.
The ability of PGC-1 protein to stimulate the PGC-1 promoter via coactivation of the MEF2 proteins implies a potential autoregulatory loop. As shown in the model illustrated in Fig. 4A , exercise or increased motor neuron activity would result in the activation of CaMKIV and CnA.
This, in turn, would lead to activation of the CREB and MEF2 proteins, which would then bind to and potentially activate the PGC-1 promoter. Of course, MEF2 bound to the PGC-1 promoter is also a target for PGC-1 coactivation, resulting in a stable, feed-forward regulatory loop. A key feature of this model is that PGC-1 should be a regulator of its own expression in skeletal muscle.
In order to critically test this hypothesis, we examined whether ectopic PGC-1 expressed in the muscle of transgenic mice activates expression of the endogenous PGC-1 gene. Real-time PCR primers were designed for the PGC-1 3' untranslated region that allows for determination of the levels of ectopically expressed and endogenous PGC-1. As shown in Fig. 4B and as expected, ectopic PGC-1 is only detected in the muscle of transgenic mice. Strikingly, a 7-fold elevation of endogenous PGC-1 mRNA was seen in the transgenic animals as compared to wild-type mice (Fig. 4B) . A robust increase in the transcript levels of cytochrome c and myoglobin was also observed in the RNA isolated from skeletal muscle of the transgenic mice, whereas glyceraldehyde 3-phosphate dehydrogenase (GAPDH) transcript levels remained unchanged (Fig. 4B) . These results indicate a regulation of PGC-1 transcription by PGC-1 protein, in an apparent autoregulatory loop.
As a second critical test of our proposed model, we examined whether inhibiting MEF2 and/or CaMKIV, CnA and PGC-1. To do this, we used a previously characterized dominant-negative allele of MEF2C in addition to ACREB (26). As shown in Fig. 5A , the dominant-negative MEF2C allele (dnMEF2C) reduces the effects of the combination of CnA and CaMKIV, and completely eliminates the effect of PGC-1 on the PGC-1 promoter. In contrast, the dominant-negative allele of CREB (ACREB) reduces the activation by CnA and CaMKIV, but does not affect the relative fold activation by PGC-1.
The effects of MEF2C, PGC-1 and dnMEF2C on the expression of endogenous PGC-1 mRNA and on other fiber type-I specific genes were also examined. C2C12 cells were infected with adenoviruses encoding GFP, PGC-1, MEF2C, dnMEF2C in various combinations. Subsequently, gene expression levels were determined using real-time PCR. Levels of endogenous PGC-1 mRNA were elevated only slightly in cells infected with PGC-1 alone and no induction was observed when MEF2C alone was expressed (Fig. 5B) . In contrast, a large induction of endogenous PGC-1 mRNA (4 fold) was seen in cells that received a combination of PGC-1 and MEF2C. The induction of endogenous PGC-1 mRNA could be completely blocked by coexpression of dnMEF2C. In all cases, similar amounts of the virally expressed PGC-1 and MEF2C mRNAs were observed (data not shown). Expression of myoglobin in C2C12 myotubes also required infection of both PGC-1 and MEF2C (Fig. 5C) . Interestingly, induction of two other genes that are highly expressed in type I muscle fibers, troponin I slow (TnI slow) and the glucose transporter GLUT4, is not dependent on the combined expression of PGC-1 and MEF2C. TnI slow is induced after infection with virally encoded MEF2C and the addition of PGC-1 has no further effect (Fig. 5D ).
In contrast, GLUT4 transcript levels can be elevated by PGC-1 alone, independent of MEF2C infection, consistent with previous reports (7) (Fig. 5E ). These data indicate that there is an autoregulatory loop whereby PGC-1 expression depends on the action of MEF2 and PGC-1 proteins on the PGC-1 promoter. Moreover, adenoviral infection of C2C12 myotubes with PGC-
Discussion
In this report, we describe mechanisms by which PGC-1 gene expression is regulated by calcium signaling components in muscle cells. CaMKIV and CnA, two key enzymes in this pathway, play distinct but overlapping roles in increasing expression from the PGC-1 promoter. CaMKIV likely induces PGC-1 by activating CREB, which in turn binds to a conserved CRE in the PGC-1 promoter. Activated CnA acts additively or synergistically with both CaMKIV and PGC-1. Since
CnA is a known activator of MEF2 proteins, and most or all of these effects are lost when the binding site for MEF2 on the PGC-1 promoter is mutated, it is highly likely that a major portion of the effects of CnA on PGC-1 gene transcription is through the MEF2 proteins. While expression of NFAT itself has little effect on the PGC-1 promoter, a small increase in activity is observed when NFAT is coexpressed with either MEF2s or with activated CnA. Thus, it is possible that NFAT may exert a positive effect on PGC-1 expression by interacting functionally with MEF2C or MEF2D on the PGC-1 promoter, an effect also observed on the promoters of type I myofibrillar proteins (9).
One central aspect of muscle fiber-type determination is that it represents a fairly stable, "differentiation-like" response. Muscle fiber-types can ordinarily be altered only through prolonged physical activity or chronic inactivity. In this way, it is very different from classic gene induction events where transcriptional stimulation is rapidly reversed upon hormone withdrawal. The "differentiation-like" behavior of muscle fiber-type switching implies that there are likely to be stable regulatory loops developed and our data here provides a potentially new insight.
Indeed, a key finding here is that MEF2C and MEF2D can increase transcription from the PGC-1 promoter, and this activity is significantly enhanced by the presence of PGC-1 itself. These data imply a positive autoregulatory loop that may help to sustain high PGC-1 levels in these cells, and thus promote mitochondrial biogenesis and a stable expression of typical muscle fiber-type I genes.
A very recent study has also shown that MEF2s binds to the PGC-1 promoter and has also shown that HDAC5 can inhibit MEF2 activity on this promoter (27). It is thus also possible that PGC-1 binding to MEF2 might prevent binding of the MEF2-repressing HDACs and Cabin1 proteins, an additional mechanism that warrants testing. Also highly relevant here are observations by Kelly and coworkers that forced expression of PGC-1 in heart induces numerous genes involved in mitochondrial biogenesis and respiration; these studies also show elevated levels of endogenous PGC-1, suggesting an autoregulatory loop for PGC-1 control in cardiac muscle (15). The regulatory mechanisms in the heart have not been explored, but since MEF2 proteins are also expressed in heart, they could be similar to the mechanisms shown in this study.
It is very likely that other mechanisms and signaling cascades not explored here may also contribute to PGC-1 expression in skeletal muscle. For example, prolonged exercise leads to release of catecholamines that can activate -adrenergic receptors in muscle (28). Activation of these receptors increases intracellular cAMP levels and could potentially activate CREB function on the PGC-1 promoter in muscle, as it does in liver (24). In addition, the increased energy demand and the resulting activation of energy sensing signaling pathways could contribute to PGC-1 expression.
The 5'-AMP-activated protein kinase (AMPK) is activated during exercise by low ATP and high AMP levels (29) and chemical activators of AMPK have been observed to modestly increase both CaMKIV and PGC-1 mRNA levels in muscle (17, 30) . Since PGC-1 protein activity and stability is modified by protein phosphorylation events, these and other protein kinases and phosphatases might regulate PGC-1 posttranscriptionally, in addition to their effect on transcription (31). The exact role of AMPK and other factors involved in energy sensing must be elucidated in future studies. A role for PGC-1 in modulating the expression of PGC-1 is also possible, though PGCPage 16 of 24 1 is not significantly elevated in type-I enriched muscles (32). The PGC-1 gene also does not seem to be regulated by CREB, in that it is not activated by cAMP signaling in hepatocytes (J. Lin, unpublished observation).
An improved knowledge of the molecular mechanisms controlling muscle fiber-types could eventually lead to new therapies for patients for whom this is a component of their pathological condition. Prominent changes in the proportion of type I and type II muscle fibers are found in a variety of diseases such as obstructive pulmonary disease, paraplegia or age-related muscle wasting.
Novel therapeutic approaches, especially those based on known molecular mechanisms, could radically alter the quality of life for many of these patients. Antibodies against HNF3 and MEF2 were used to test for the specificity of the protein-DNA interactions. D, E) PGC-1 interacts with MEF2C on the MEF-binding site. Increasing amounts of PGC-1 protein including amino acids 31-797 (0.8, 2, 4 and 6 g, respectively) were added to the reactions resulting in a larger protein-DNA complex and thus a supershift (Fig. 3D) . As a control, 6
g of PGC-1 protein including amino acids 1-180 that lacks the MEF2-interaction domain was not able to interact with MEF2C (Fig. 3E) (Fig. 5C ), troponin I slow (TnI slow, Fig. 5D ) and the glucose transporter GLUT4 (Fig. 5D) were determined. Relative expression levels were normalized to 18S rRNA levels.
Abbreviation: nd, not detectable. The values represent the average of at least three independent experiments and the error bars represent standard deviation. Asterisks denote p<0.5 between different treatments compared to the untreated control unless otherwise indicated. 
